I. INTRODUCTION
The massive use of fossil fuels to cover the globally rising energy demand has resulted in dramatically increasing atmospheric CO 2 levels, thereby promoting global climate change. An attractive strategy to mitigate CO 2 emissions is electrochemical CO 2 reduction (CO 2 RR) for the production of energy-rich compounds or commodity chemicals in general. [1] [2] [3] [4] [5] If coupled to renewable energy sources, specifically wind or solar energy, fossil fuels can be replaced without increasing the atmospheric CO 2 load further. Efficient and product-specific electrochemical CO 2 RR requires rationally optimized catalyst materials. However, mechanistically, CO 2 RR is clearly insufficiently understood, in spite of major scientific advancements. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] Elucidation of the crucial reaction mechanism can be supported by the implementation of experimental operando techniques, which can detect educts, products, and possibly reaction intermediates during electrochemical operation of the catalyst material.
bonding to the surface. [22] [23] [24] [25] [26] [27] Operando SERS has the potential to probe molecules adsorbed on the surface with high sensitivity during the operation of the catalysts at various electrical potentials and electrolyte compositions. Copper electrodes are of high interest for CO 2 RR, 4, [28] [29] [30] [31] [32] and rough Cu surfaces are well-known for the surface enhancement of Raman intensities. 2, [33] [34] [35] [36] The intensity amplification is due to the electric field enhancement occurring in the vicinity of resonantly irradiated Cu particles with localized surface plasmons. 37 Operando Raman spectroscopy has not been used very frequently for the detection of surface-adsorbed molecules in aqueous CO 2 reduction, possibly related to specific challenges involved in operando SERS. The technique requires suitably structured "rough" surfaces, SERS background signals may distort the spectral information, [38] [39] [40] intense gas evolution at higher overpotentials can impede the measurements, and a variety of Raman peaks may complicate the interpretation of the Raman spectra seriously. Nonetheless, operando SERS is well-suited to follow the chemical state of surface metal ions and to identify molecular species adsorbed at the catalytic electrode. 29, [42] [43] [44] [45] Focusing on the metal and metal oxide bands in a smaller wavenumber range simplifies data interpretation but also restricts the potential insights. Attempts to fully describe potential-dependent reaction intermediates employing an extended wavenumber range during aqueous CO 2 RR via operando Raman spectroscopy are rare. 46, 47 The analysis of adsorbed CO ( * CO), a prominent CO 2 RR intermediate, is a promising exception. 44, [48] [49] [50] [51] Reversible * CO-induced surface reconstruction of a Cu surface has been observed under catalytic conditions. 48 On mixed Cu− −Au surfaces, variations in relative peak intensities have been linked to relative * CO surface concentrations and shifts of the C≡≡O stretching mode (peak around 2100 cm −1 ) to lower wavenumbers have been linked to longer C− −O bonds (effect of the local electrostatic fieldelectrochemical Stark effect 52, 53 ) and to stronger metal-CO interactions. 49 In future, it could be possible to derive bonding strengths and lengths of metal-chemisorbed * CO clusters during CO 2 RR via the combination of density functional theory (DFT) and operando Raman spectroscopy, similar to Ref. 54 .
In this work, we address the complicated background phenomena and undertake first steps in the investigation of the adsorbed reaction species at the surface of a Cu foam electrode during electrochemical CO 2 reduction. Additionally, we identify the chemical state of the Cu electrode surface, specifically the potential-dependence of oxide formation. A highly porous electrodeposited Cu foam was employed, because of its interesting CO 2 RR properties, which has previously been well-characterized regarding structural parameters and the CO 2 RR product spectrum. 32 High surface area Cu foams have a product distribution that differs distinctly from the product distribution of a flat Cu metal surface: formation of hydrogen and methane is strongly suppressed (per surface area), whereas carbon monoxide and even more so ethylene are formed with especially high partial current densities. 32 Limitation of the proton transport and alkalization at the foam surface, as verified by Raman spectroscopy on the bicarbonate buffer solution, may explain this selectivity shift, as discussed elsewhere. 32 In the present work, we show that the interesting Cu-foam catalysts excel by another property: they provide a SERS-active surface in their "native" as-synthesized form.
II. RESULTS AND DISCUSSION
The experiments were performed in a confocal Raman spectrometer equipped with a home-built 3-electrode electrochemical cell using a water-immersion objective and excitation at 633 nm, as detailed in the supplementary material. By employing a laser power of 1.3 mW in combination with a line focus (∼100 µm length), the laser intensity was kept at a low level; no indication for any irradiationinduced modifications was detected. Throughout the individual experiments, the electrolyte (0.1M KHCO 3 , pH 6.8) was constantly purged with gaseous CO 2 . Cu foams were freshly electrodeposited from 0.2M CuSO 4 /1.5M H 2 SO 4 solution for 20 s at −0.5 A cm −2 as described in Ref. 32 , cleaned, and used for Raman experiments within the same day.
The aims of this work are (i) to scrutinize the potentialdependent Raman background phenomenon described in Refs. 40, 55, and 56, (ii) to identify the chemical surface state of the Cu foam electrode during CO 2 RR (oxide versus metallic surface), and (iii) to follow the adsorption of different molecular intermediate and product species during CO 2 RR. Therefore, we performed the following experimental series:
(1) Series 1. Using a freshly electrodeposited Cu foam, we decreased the applied potentials from 0 to −0.9 V RHE in 100 mV steps (20 s of equilibration and 30 s of data collection at each potential), for tracking the electrochemical reduction of the Cu-foam surface to metallic Cu. Directly after this experiment, we exchanged the bicarbonate electrolyte against fresh buffer solution. (2) Series 2. After Series 1, we applied potentials from −0.1 to −0.9 V RHE in 100 mV steps to investigate the accumulation of adsorbate species before the onset of CO 2 RR (>−0.6 V RHE ) and reaction intermediates/products during CO 2 RR (≤−0.6 V RHE ). (3) Series 3. Directly after Series 2 of increasingly negative potentials, we stepped the potential upwards (−0.8 to −0.1 V RHE in 100 mV steps) to follow the desorption behavior.
The raw data of this experimental series are shown in Fig. 1 . Complex potential-dependent changes in the intensity of a broad background and several sharp Raman bands were observed. The potential-dependence is intricate, but as a general trend, the low-potential background is smaller than the high-potential background. This trend is . Arrows indicate the scan direction of the electric potential. The legend in panel (a) provides the applied potentials (vs. RHE) and the respective line color; the black line labeled by "ocp" corresponds to conditions of an "open-circuit potential" meaning that no potential was applied at the "floating" working electrode. The spectra are NOT offset. The zero-level of the Raman intensity was estimated from a H 2 O solution spectrum and found to be negligibly small (below 5 × 10 2 counts, Fig. S1 ).
in line with previous findings that the SERS background intensity depends on the electrochemical potential. 40, 55, 56 The strong background in the raw data spectra impedes a straightforward interpretation of specific SERS bands and intensities and requires for appropriate offset subtraction and normalization. In any event, the clearly distinguishable Raman bands reveal that this type of Cu foam [57] [58] [59] [60] with high electrochemical surface areas (>30 cm 2 per 1 cm 2 of the planar electrode surface) is an excellent SERSactive substrate that does not require any further surface modification. The black symbols correspond to Series 1 (increasingly negative potentials), the red symbols correspond to Series 2 (second series of increasing negative potentials), and the blue symbols correspond to Series 3 (increasingly positive potentials). The background intensities relate to the data shown in Fig. 1 .
the background intensities decrease strongly with increasingly negative potential, whereas in Series 3 this trend is clearly weaker. These results indicate that the potentialdependence of the background is also determined by the history of exposures to various potentials, as also found in Ref. 40 . The history of applied electric potentials may have affected the background by causing disappearance of oxide domains, not rapidly reversible coverage with adsorbed molecules, and irreversible modifications of the surface nanostructure.
To separate the broad background from the SERS peaks, we subtracted polynomial functions and then normalized the Raman intensities to the background intensity, as detailed in the supplementary material. Normalization was done by averaging the intensity of the background curve, and the averaged (integrated) background intensity was used to divide the spectra. The obtained spectra are shown in Fig. 3 (subtracted background spectra in Fig. S2 and normalization factors in Table S1 ). However, the peak intensities without background normalization exhibit a more or less chaotic potential-dependence ( Fig. 1 ), whereas the background normalization results in a reasonably regular potentialdependence of the peak intensities ( Fig. 3 ). Therefore, we suggest that not only background subtraction but also suitable normalization of the potential-dependent SERS Raman data is an essential step before the interpretation of trends in the peak intensities can be approached.
We note that an alternative option for background subtraction and normalization has been proposed and verified in an elegant study of Ren and co-workers, 41 which involves the correlation of the photoluminescence (PL) with the SERS background. In the current study, we obtained plausible results with the normalization protocol described above, which may be more approximate, but excels by simplicity.
FIG. 3.
Operando Raman spectra of Cu foam in CO 2 -saturated KHCO 3 buffer (0.1M, pH 6.8) at various electrochemical potentials, after background subtraction and normalization. The data of Fig. 1 were processed by background subtraction and normalization to the intensity of the SERS background; for clarity of the graphical presentation, a vertical offset was applied. (a) Reduction of Cu x OH y to metallic copper and electrochemical CO 2 reduction by potentials ranging from 0 to −0.9 V RHE (Series 1). (b) After oxide reduction, potentials from −0.1 to −0.9 V RHE were applied (Series 2). (c) Backward scan from −0.8 to −0.1 V RHE (Series 3). The water band at 3210 cm −1 corresponds to the broad spectrum of O− −H stretching vibrations (3000-3700 cm −1 , Fig. S1 ) which becomes visible as a separate band only after the removal of a smooth background; it likely results from bulk water molecules and thus is not informative in the context of the present study.
After background subtraction and normalization, we observe-aside from comparably sharp SERS bands assignable to surface oxides or molecular species-broad, often regularly spaced peaks in all spectra ( Fig. 3) . A Raman spectrum of a paper sheet shows a wide fluorescence signal with largely the same oscillatory background; a spectrum of air does not show such features (Fig. S3 ). Subtraction of the scaled paper spectrum from the spectra of Fig. 3 reduces the oscillatory background significantly [ Fig. S4(b) ]. These experiments clarify that the approximately oscillatory background is unrelated to the SERS signals and represents merely an (irrelevant) artefact of the detection system. In our present study, we do not subtract the oscillatory background because the comparably sharp SERS bands are not seriously affected.
For repetitions of Cu-foam electrodeposition and Raman measurement on the freshly electrodeposited Cu foams, we observed (minor) fluctuations in the background-subtracted and normalized intensities of the Raman bands, as exemplarily shown in Fig. S5 . The intensity deviations after background normalization could come from the variability of the optical and morphological properties of the irradiated Cu foam surface resulting, e.g., in differences in the orientation of adsorbed molecules relative to the polarized Raman laser beam. We note that, taking into account the complex morphology with dendritic structures and irregular pores, the reproducibility is surprisingly good. Aside from the used normalization, the selection of comparably planar surface spots and spatial averaging achieved by using a line focus of about 100 µm length are factors that certainly contribute to good reproducibility.
Before discussing the reactions and processes related to CO 2 reduction reaction, we address the formation and disappearance of Cu oxides in more detail. Therefore, Raman spectra were collected during slow cyclic voltammetry (CV) (1 mV s −1 ) covering the potential range from −0.4 V RHE to +0.9 V RHE (Fig. 4) .
A. Copper oxides
Minimally four distinct SERS bands below 750 cm −1 are visible in the Series 1 spectra of Fig. 3 recorded without the applied electric potential (ocp) or at high potentials, which are likely assignable to Cu oxides or hydroxides. To shine more light on the identity of the observed Cu x − −OH y bands, we scanned the Cu foam in 0.1M KHCO 3 pH 8.8 with 1 mV s −1 from negative to positive potentials, in a potential range where the transformation of metallic Cu 0 to Cu I oxide and Cu II oxide species is anticipated (Raman spectra in Fig. 4 , CV in Fig. S6 ). From the original, background-dominated spectra [Figs. 4(a) and 4(b)], informative Raman bands were extracted by background subtraction and normalization [Figs. 4(c) and 4(d)], using the same protocol described for the spectra of Fig. 3 . The bands at 411, 520, and 600-622 cm −1 are visible in the forward and backward scan. The spectra of the backward scan exhibit new bands at 360 and 705 cm −1 , indicating the formation of another species not detectable during the forward scan.
When advancing from negative to highly positive potentials [from −0.4 to 0.90 V RHE in Fig. 4(a) ], the background decreases pronouncedly, by a factor of about six. During the backward scan [ Fig. 4(b) ], when decreasing the potential, the background intensity increases drastically to a level that is about four times greater than the starting level of the forward scan (around 0 V RHE ) before decreasing to a level that is close to the starting level (at −0.35 V RHE ). The chemical species associated with the bands at 360 and 705 cm −1 may be related to the especially strong background signal observed during the backward scan around 0 V RHE . Comparison of Figs. 4(b) and 4(d) reveals the need for background normalization. In Fig. 4(b) , the band intensities between 350 and 700 cm −1 increase strongly for lowering of the electric potential, which is opposite to the expected behavior. After normalization [ Fig. 4(d) ], these bands stay approximately constant until the potential drops below 0.29 V, which represents the expected behavior, as clearly visible in Fig. 5 . We conclude that background subtraction without normalization can result in misleading trends in the potential-dependence of the intensity of the SERS band, whereas normalization by the SERS background leads to a plausible behavior. foam from 0.45 to 0.90 V RHE during the forward scan, and from 0.91 to 0.29 V RHE during the backward scan ( Figs. 4 and 5) . In clear contrast, CuO is known to have a high intensity peak at 288 cm −1 and one with lower intensity at 337 cm −1 , 29,62,63,66,67 but we never observe these Raman bands. Cu(OH) 2 Raman bands at about 292 and 483 cm −1 have been reported, 62 but also these bands were not detectable. However, oxidation of the Cu foam beyond Cu I species may result in a layer consisting of mixed oxidation states and phases, likely as a Cu 2 O− −CuO− −Cu(OH) 2 layer. 68,69 A potential-dependence of structure and composition of these oxides layers could explain the blue shift from 600 cm −1 , at lower potentials, to 622 cm −1 at higher potentials.
In a recent study on roughened Cu surfaces, the species observed at 360, 705, and 1535 cm −1 (see Fig. S7 for Raman data on an extended scale) were assigned to adsorbed carboxylate CO 2 − , a possible intermediate in the formate production path. 70 The authors concluded from 13 C isotopic shift experiments and DFT calculations that the band at 1535 cm −1 represents an out of surface C− −O stretching mode, while the bands at 360 and 705 cm −1 are mostly present as stretching mode of the Cu− −C bond and in-plane bending of CO 2 − , respectively. 70 Similar to Ref. 70 , we observed the presence The Journal of Chemical Physics ARTICLE scitation.org/journal/jcp of these three bands only after all oxide species had been reduced by the application of a series of increasingly negative electrode potentials ( Figs. 4 and 5 ). Starting from reduced Cu foams, these peaks are not detectable. Therefore, we tentatively assume that the formation of the bands at 360, 705, and 1535 cm −1 (labeled "X" in Fig. 3) is closely linked to the reduction of oxide species, originating possibly from interactions of carbonate or CO 2 with the defect sites of the Cu material transiently formed at intermediate electrode potentials.
Regarding use of Cu foams for the reduction of CO 2 (Fig. 3) , we conclude that the reduction of Cu 2 O and possibly mixed oxy-hydroxide phases is completed at −0.1 V RHE and the reduction of further carboxylate related intermediates likely is completed at −0.4 V RHE . There are no indications of any surface oxides at potentials that are typically employed for CO 2 reduction.
B. Carbon monoxide adsorption
We observe four different Raman bands related to CO, at about 280, 360, 2040, and 2080 cm −1 (Fig. 6 ). The two low-frequency bands are characteristic for Cu− −CO vibrations: at 280 cm −1 the frustrated rotational mode of CO, and at 360 cm −1 the Cu− −CO stretch vibration (atop geometry). 48, 72, 73 The two high-frequency bands are assignable to intramolecular C≡≡O stretching vibrations with different adsorption geometries. 48, 72, 73 We generally detect CO vibrations only after reduction of the Cu surface oxides, suggesting that electrochemical CO 2 reduction is not promoted by oxide species but takes place at metallic Cu sites.
Intramolecular C≡≡O stretch bands are already present at a potential as high as −0.2 V RHE . Between −0.1 and −0.4 V RHE , an asymmetric broad band around 2040 cm −1 (ranging from about 1980 to 2100 cm −1 ) represents the dominating feature; it is likely composed of several overlapping sub-bands. At more positive potentials, an additional sharp band, centered around 2080 cm −1 (2070-2085 cm −1 ), becomes clearly visible. The correlated appearance and strength of the sharp 2080 cm −1 band, on the one hand, and the Cu− −CO vibrations at 280 and 360 cm −1 , on the other hand, are visible in all potential series suggesting that these bands are assignable to the same Cu− −CO binding mode. In clear contrast, the broad band of intramolecular C≡≡O stretch vibrations remains without any obvious counterpart in the region of the Cu− −CO vibrations, suggesting assignment to CO adsorption modes that are not associated with detectable Cu− −CO vibrations. Largely in line with Ref. 48 , where similar experimental findings have been reported, we propose the following explanation: The broad intramolecular CO bands observed at potentials ranging from −0.2 to −0.4 V RHE result from binding of CO to the Cu foam surface involving several binding modes, but without the formation of a specific Cu− −CO bond ( * CO A ). At even more negative potentials, adsorbed * CO accumulates at the Cu surface until surface reconstruction allows * CO to occupy undercoordinated defect sites 48 band), which results in strong electronic backdonation from CO to Cu (appearance of Cu− −CO bands, * Cu B ).
Interestingly, * CO A is observed already at potentials as high as −0.2 V RHE suggesting CO 2 reduction at surprisingly low overpotentials. However, by gas chromatography (GC) we could detect CO formation only at potentials ≤−0.4 V RHE (Ref. 32 and unpublished results), which renders a correlation of CO formation with * Cu B possible. It will be interesting to address in future work the mechanistic role of * CO A and * CO B in CO 2 reduction.
Based on electrochemical analyses, we recently suggested that a current plateau in cyclic voltammetry (CVs) results from CO 2 reduction and significant * CO binding to a major fraction of Cu-foam surface sites at potentials more negative than −0.5 V RHE , whereas * CO desorption requires potentials more positive than −0.4 V RHE . 32 This hypothesis is strongly supported by the herein described hysteresis in the * CO binding of Fig. 6 , in line with results for binding of gaseous CO to copper surfaces. 74 The Journal of Chemical Physics ARTICLE scitation.org/journal/jcp
C. Adsorbed carbonate
In CO 2 -saturated KHCO 3 with a bulk pH of 6.8, carbonate is mainly present in the form of HCO 3 − ; higher pH values shift the equilibrium to CO 3 2− [ Fig. 7(a) , see Fig. S9 for the entire solution spectrum of CO 2 -saturated KHCO 3 at pH 6.8]. The data of Figs. 7(b)-7(d) imply that bicarbonate on the Cu electrode surface 74 readily undergoes deprotonation; 43 consequently no adsorbed bicarbonate band (C− −OH stretching mode at 1015 cm −1 ) was detected at any electrochemical potentials [ Figs. 7(b)-7(d) ].
Before and during CO 2 RR, we observe carbonate bands at 1070 cm −1 (CO 3 2− symmetric stretching mode) with a shoulder at 1045 cm −1 . The intensity of all the putative carbonate bands shown in Fig. 7 is maximal at the most positive potentials, but their intensities do not change in parallel. Especially in (c), an additional small band at 1130 cm −1 is well visible, which exhibits a comparatively weak potential dependence and may be unrelated to adsorbed carbonate species. 75 Interestingly and well visible in (c) and (d), the broad shoulder at 1045 cm −1 changes into a distinct band at high potentials. We hypothesize that a second type of carbonate adsorption site is formed during CO 2 RR at low potentials that is stably occupied by carbonate only at high potentials.
D. C= =C and carboxylate vibrations?
The Raman band at 1610 cm −1 is present only after Cu oxide reduction (Series 1), before the onset of CO 2 RR and at low overpotentials [in Series 2 from −0.3 to −0.7 V RHE , Fig. 3(b) ]. Its wavenumber is common for an isolated C= =C bond or a C= =C bond conjugated with C= =O. 71(a) Previously, this band has been attributed to an ethylene vibration, 46 but the herein observed potential-dependence cannot be reconciled with adsorbed ethylene (Fig. 3 ). If we do not exchange the electrolyte, accumulation of species produces additional bands in this region at about 1565 and 1677 cm −1 (Fig. S10) . The vibration at 1610 cm −1 could also stem from a carboxylate group (− −CO 2 − with strong asymmetric stretch vibration at 1695-1540 cm −1 and medium-intensity symmetric stretch vibration at 1440-1335 cm −1 ). 71(b) 
E. Adsorbed molecules with CH bonds
In the typical − −CH x stretch region, we find Raman bands peaking at 2848, 2874, 2904, 2936, and 2961 cm −1 [see Fig. 8 Fig. 4 ). They only start to evolve concomitantly to Cu− −CO bond formation. During Series 2, the − −CH x bands are observed from −0.2 V RHE on at low intensities, but start to have prominent intensities at <−0.4 V RHE . A band at 2885 cm −1 is only distinguishable at <−0.7 V RHE . During Series 3, these species do not desorb completely from the Cu foam surface. If the electrolyte is not exchanged against fresh bicarbonate buffer, the − −CH x species accumulate even more strongly (Fig. S10 ). We conclude that the adsorption of − −CH x species is not readily reversed at low (non-catalytic) potentials.
For assignment, we compare − −CH x bands during CO 2 RR to several reference substances. Distinct assignment of − −CH x species is challenging because of the variety of possible CO 2 RR intermediates like * COOH, * CHO, and * COH. 1, 76 The mentioned intermediates can arise from several reaction products. The here investigated Cu foams produce formate at high yields at low overpotentials, considerable ethylene at high overpotentials, and small amounts of ethanol, propanol, and ethane (see Ref. 32 for the potential dependent product distribution). Significant methane production on the Cu foams is observed only at very high overpotentials (−1 V RHE ), explaining why we detected no methane bands [if present, methane bands are predicted to be at 2917 (strong) and 1534 cm −1 ]. 77 surface at an open-circuit potential (ocp) in a diluted aqueous phosphate solution containing up to 10% of the respective compound. If we compare the intensities of the diluted solution spectra with the ones at a Cu foam surface at ocp [ Fig. 8(d) ], we observe an intensity-enhancement effect (SERS) for CH 3 COOH and HCOOH, indicating adsorption of these species on the Cu surface. Moreover, their Raman spectra change significantly upon adsorption to the Cu surface resulting in several neighboring bands that are not observed in the solution spectra. By contrast, the solution spectra of CH 3 OH and C 2 H 5 OH have similar intensities to the ones of Cu foam at ocp suggesting that CH 3 OH and C 2 H 5 OH do not adsorb strongly at the Cu foam surface. In general, the C− −H bands of all reference compounds are similar to bands observed for the Cu foam at catalytic potentials (Table S4) .
At negative potentials, we see clear indications that formic acid is electrochemically modified. The similarity of the Raman spectra suggests reduction to methanol 78 [Fig. 8(c) ]. Acetic acid adsorbs over a wide potential range (with concomitant H 2 evolution 79 ) in acetic acid/phosphate solution ( Fig. S13 and Table S6 ). The simulation results providing the peak positions of all investigated species in the typical − −CH x stretching range are summarized in Table S4 .
Currently we are not able to assign the − −CH x bands during CO 2 RR on a Cu foam to distinct intermediates or products. The comparison of formic acid in solution and its adsorbed counterpart [ Fig. 8(b) ] illustrates that adsorption can result in different and clearly more complex Raman spectra than observed for the solution species, likely resulting from different adsorption geometries. Similar broad − −CH x modes have been observed before on CuS x catalysts and have been identified as adsorbed formate. 80 Similarities of the C− −H spectra detected for the Cu-foam during and after catalytic CO 2 RR operation point toward adsorbed formic acid (or formate) and its reduced form (likely methanol), but we do not observe that the appearance of bands at 1707 cm −1 and 892 cm −1 , which would be assignable to HCOOH (nor of HCOO − related O− −C− −O stretching vibration at 1353 cm −1 , Fig. S12 ), correlate with the magnitude of C− −H bands. Thus assignment of CH bands around 2900 cm −1 to formic acid (or format) would be in line with the detected Raman spectra only, if the corresponding bands at lower wavenumbers were SERS-silent.
F. Time-dependence of Raman spectra
Time-dependent spectra collected over the course of about 20 min at a constant potential of either −0.5 or −0.7 V RHE exhibit clear differences ( Fig. 9 ). At −0.5 V RHE , we usually do not detect any CO 2 RR products via gas chromatography (GC). However, Raman spectroscopy resolves adsorbed surface species, specifically CO and − −CH x species. At −0.5 V RHE , a major fraction of adsorbed species is seen already for data collection starting after 20 s, followed by a slow gradual increase with time.
At −0.7 V RHE , the intensities of the CO and − −CH x bands are constant over the elapsed time, and the small variations reflect the data reproducibility. We thus conclude that at least regarding the CO bands, no accumulation of adsorbed CO ( * CO) is detectable. This could be explained by two alternative scenarios:
(i) All accessible CO adsorption sites are occupied within about 20 s so that complete (saturating) * CO coverage is reached. (ii) The equilibria between catalytic * CO formation, * CO desorption, and CO re-adsorption are reached within about 20 s; these equilibria determine the amount of detectable * CO.
In Ref. 32 , we estimated from electrochemical data that a very high, potentially saturating level of * CO is conceivable. Comparison of the * CO peak at 2040/2080 cm −1 at −0.5 V RHE and −0.7 V RHE indeed favors the first scenario of saturated * CO adsorption. If the equilibrium between catalytic * CO formation and net desorption determined the amount of adsorbed CO, then the magnitude (or area) of the * CO peak should be strongly enhanced at −0.7 V RHE , which is not observed. It is a possible consequence of the scenario of saturated * CO coverage that the externally detectable rate of formation of gaseous CO could be limited by the * CO desorption rate. At present, a putative rate limitation caused by saturated * CO adsorption and slow * CO desorption is merely at the level of a working hypothesis. This hypothesis does not yet involve the additional complexity by different * CO adsorption sites (discussed further above) or * CO desorption rates that are potential-dependent or pH-dependent. 74 A carbonate band at 1070 cm −1 is detected at −0.5 V RHE but is almost absent at −0.7 V RHE , which qualitatively is in line with the trend that carbonate bands tend to disappear at more negative potentials. Additional bands at 1320, 1355, and 1370 cm −1 are detected for all times ≥500 s at −0.7 V RHE . All bands in between 1310 and 1630 cm −1 exhibit the same time dependency. It may be that these bands belonged to a common reaction intermediate with a carboxyl ( * COOH) and bidentate COO − species, similar to suggestions in Ref. 76 . A relation of the bands at 1355 cm −1 and 1370 cm −1 to the carbon dioxide dimer radical described in Ref. 81 is also conceivable, where bands at similar wavenumbers were detected by FTIR spectroscopy (at 1358 and 1368 cm −1 , but not at 1320 cm −1 ). The observed wavenumbers are common for a carboxylate group (− −CO 2 − with asymmetric stretch vibration at 1695-1540 cm −1 and symmetric stretch vibration at 1440-1335 cm −1 ), 71(b) which may stem, e.g., from adsorbed formate or acetate. To explain the slow formation of these bands, we see two alternative options: (i) The formation rate of this product is exceedingly slow so that detectable amounts are accumulated only after about 10 min of CO 2 RR or (ii) a slow surface modification is required before a major reaction product is bound in a mode that gives rise to a SERS signal. The former option would be more likely for acetate (essentially no acetate formation detectable 32 ), the latter more likely for formate (significant formate formation 32 ).
III. CONCLUSIONS
A. Investigating CO 2 RR by surface-enhanced Raman spectroscopy (SERS)
SERS activity
Cu foams with high electrochemical surface areas (>30 cm 2 per 1 cm 2 of the planar electrode surface) are both interesting catalysts of CO 2 RR and excellent SERS-active substrates, bearing the advantage of facile synthesis by a simple electrodeposition protocol. They do not require the employment of any additional surface modification for electrochemical operando SERS, thereby ensuring that the SERS-active material is fully identical to the technologically relevant catalyst material. electric potential as well as the "history" of the surface, e.g., the sequence and duration of the previously applied potential steps. The magnitude of the SERS backgrounds correlates with the strength of the Raman enhancement effect. Therefore, aside from background subtraction also appropriate normalization of the Raman intensities is advisable, which possibly has not been considered in the previous operando SERS studies on CO 2 RR.
Proposed SERS normalization protocol
A simple procedure for the normalization of the SERS spectra is proposed. In the absence of a verified theory on the relation between SERS background and band intensities, we assume proportionality between background and band intensities, which represents a pragmatic, first-order approach. Accordingly, for normalization the SERS spectra are divided by the averaged intensity of the broad featureless SERS background. This approach results in plausible potential dependencies of the Raman band assignable to surface oxides and adsorbed molecular species.
B. Detection of adsorbed molecular species for CO 2 -reducing Cu foams
Complete reduction of surface oxides
The potential dependence of Raman spectra suggests that surface oxides and hydroxides are present on the assynthesized Cu foam, but exclusively metallic Cu is present at catalytically relevant potentials. We observe a complete reduction of Cu 2 O and possibly mixed oxy-hydroxide phases at about −0.1 V RHE . Three specific vibrational bands, which are likely associated with Cu-bound molecular groups containing carbon and oxygen atoms, are detected only after the reduction of the initial oxide phases and disappear at about −0.4 V RHE .
Two distinct CO adsorption modes
There are two basic types of CO adsorption sites. The * CO A type is detectable already at surprisingly positive potentials (below −0.1 V RHE ) and associated with a broad band of intramolecular CO vibrations (1980-2110 cm −1 ). Likely, a set of several CO adsorption modes contributes, which are jointly characterized by the absence of any detectable Cu− −CO vibrations. The * CO B site may be formed by surface reconstruction at potentials below −0.4 V RHE . Its spectroscopic signature comprises one sharp intramolecular CO band (2080 cm −1 ) as well as two Cu− −CO bands (280 cm −1 and 360 cm −1 ).
* CO desorption hysteresis and possible relation to the CO formation rate
Clear potential-dependent intensity trends of intramolecular * CO and of Cu− −CO bands suggest a hysteresis behavior that supports our previous electrochemical analysis of * CO adsorption/desorption. 32 This hysteresis behavior and indications for saturating * CO coverage of foam surface sites (see Sec. II F) lead to the hypothesis that the * CO desorption characteristics are a co-determinant of the formation rate of externally detectable CO.
No HCO 3
− but history-dependent CO 3 2
− adsorption
There are potential-dependent bands assignable to adsorbed carbonate ions (CO 3 2− ) at 1070 cm −1 with a pronounced shoulder at 1045 cm −1 of varying strength. Adsorbed HCO 3 − is not detectable suggesting adsorptioninduced deprotonation. When comparing various potential protocols, we do not detect reproducible trends that currently could facilitate data interpretation. Similarly, carboxylate bands potentially assignable to formate or acetate are not consistently detectable for all potential protocols. The occurrence of these bands depends pronouncedly on the history of previous exposures to the electric potential and electrolyte composition. This history-dependence renders conclusions based on a single potential series problematic. Systematic in-depth studies on the conditions for observing carbonate and carboxylate (or carbonyl) bands could be fruitful but are beyond the scope of the present investigation.
Variety of species and adsorption modes of CH x reaction products
Molecular species containing C− −H bonds are formed by CO 2 reduction and are clearly detectable as adsorbants on the Cu foam surface as a broad C− −H band (2800-3000 cm −1 ) with minimally six resolvable sub-bands. As opposed to * CO, desorption does not readily occur at non-reducing potentials but requires buffer exchange. Comparison with reference spectra obtained for dissolved molecular species presently do not allow for unambiguous assignment of the adsorbed species, inter alia because of pronounced modifications of the Raman spectra upon adsorption to the Cu surface. Adsorbed formate and methanol intermediates may contribute, but also accumulation of potentially interesting reaction intermediates may be visible in the C− −H region of the SERS spectrum. Future computational studies could contribute to the identification of the CH x product species.
Complex dependence on catalyst operation history
For all detected CO 2 RR products, the Raman bands assignable to adsorbed reaction products depend on the previously applied potential sequences. A fully reversible, hysteresis-free potential dependence is generally not observed. The complex history dependence of the adsorbed reaction products requires more attention. On the one hand, it represents a problematic complication, on the other hand, it provides opportunities. By designing suitable potential protocols, valuable insights into the potential dependent kinetics of product formation, adsorption, and desorption may be obtainable in future investigations.
